Abstract Three dimensional temporal and spatial distributions of adults of Tribolium castaneum (Herbst) at insect densities of 0.1 (low), 1.0 (medium), and 5.0 (high) adults/kg wheat (A/kg) were determined in a 1.5 t bin of wheat with 11 ± 0.8%, 13 ± 0.6% and 15 ± 0.3% moisture contents (wet basis) at 20 ± 1, 25 ± 1 and 30 ± 1°C. The 1.5 t of wheat was sampled at five locations. At each location, grain was separated into three 15 kg vertical layers and adult numbers in each layer were counted. Adults did not prefer any location in the horizontal direction, while fewer adults were recovered from the bottom layers than that from the top and middle layers. Number of adults at a location with any temperature or insect density did not correlate with its adjacent locations in either vertical or horizontal direction. The temporal continuous property existed at all insect densities. These results were consistent with the tendency of the aggregation of the adults at the low and medium densities. Adults had highly clump distributions at low and medium densities and this aggregation behavior decreased with the increase of insect densities. Temperature tested did not influence their aggregation behavior.
Introduction
Three-dimensional temporal and spatial distributions are one of the most important ecological properties of a species. The characterized patterns of three-dimensional temporal and spatial distributions of insects can be used to effectively manage insect pests in stored grain such as sampling and insect control. The red flour beetle, Tribolium castaneum (Herbst) (Coleoptera: Tenebrionidae), is an economically important insect pest of stored products in the world [26, 33] . Adults of T. castaneum move inside stored grain bulks and respond to temperature gradients [3, 13, 16, 19, [36] [37] [38] [39] and different habitats [23, 28, 43] . There is no report on the temporal distribution of T. castaneum in grain bulks. There have been some efforts to describe their spatial distribution in stored grain [6, 15, 28, [36] [37] [38] [39] 43] and aggregation in the top part of grain bulks has been reported [39] . However, all of the reports are based on either small sample units of grain (\2.75 kg), small containers (\25 kg grain), or without grain. Small sample units can increase edge effect [9] and might not be able to detect insects [20] . There is no study on spatial distribution of T. castaneum using large sample units under large scale laboratory conditions. The insect density inside the grain in these reports is also not known. With these small sample units and unknown insect densities or inside small containers, it is not known if the characterized spatial distribution of adults of T. castaneum is accurate. To understand their spatial distribution parameters, large scale laboratory tests with large sample units and known insect densities are required.
Advances in the analysis of spatial data by using geostatistical tools to quantify and model spatial and temporal correlations, have allowed for quantitative analyses of insect spatial and temporal patterns on both small and large scales [29] . Geostatistical methods are used to characterize spatial variability of insect emergence patterns [10] , presence and density [22] , and spatial concurrence of adults with known breeding habitats [25] . Geostatistical techniques of correlogram and Kriging, based on semivariogram properties, can provide interpolated values for response variables, such as insect population density, at locations not actually sampled. Applied to insect pest populations, these techniques may allow prediction of areas in fields where pest populations may be expected to exceed an action threshold [10, 22, 30] . Jian et al. [20] characterized the temporal and spatial distribution of adults of Cryptolestes ferrugineus inside stored wheat. The concurrence continuity of adults of T. castaneum in three dimensions at both spatial and time scale is not known.
The objective of this study was to characterize the spatial and temporal distribution patterns of the adults of T. castaneum in three dimensions under different introduced insect densities, grain moistures, and temperatures by using large sampling units (15 kg of grain per unit and about 15% of total grain bulk in the test bin was sampled).
Materials and Methods

Test Bin and Grain
Plastic bins (1.5 m diameter and 1.5 m high) filled with about 1.5 t wheat were used (Fig. 1) . To prevent insects from escaping, bins were covered loosely with lids and one layer of liquid Teflon was applied on the inside wall and below the top rim of the bins (about 10 cm high) [20] . Hard red spring wheat (AC Barrie) was purchased from a grain elevator with 11.0 ± 0.8% (n = 12), or 13.0 ± 0.6% (n = 24) moisture contents and \0.6 ± 0.3% dockage (n = 36). The dockage included 0.4 ± 0.1% small materials (smaller than 2 mm diameter consisting of small stones, weed seeds, and small foreign material) and 0.2 ± 0.1% large material (larger than 4.75 mm, consisting of wheat chaff and straw). During the pre-experiment, dead adults of C. ferrugineus and T. castaneum were found inside the delivered wheat. The density of the dead insects was \0.001 A/kg wheat.
Insects
The cultures of T. castaneum, obtained from the Cereal Research Center, Agriculture and Agri-Food Canada, Winnipeg, were reared in the laboratory at room temperature and 70 ± 5% RH for 2-3 months. The feed was the same whole wheat as used in the testing. Adults were selected using a gentle vacuum. The selected adults were kept inside four 4-L glass bottles with about three kilograms of the same wheat in each bottle. Before introduction of the insects, the bottles were kept inside the test bin for at least 24 h allowing the insects to acclimate to the experimental conditions.
Experimental Treatments
Materials and methods are similar to the detail reported in Jian et al. [20] and reported here for easy reference and clarity. Experiments were conducted at 20, 25, and 30°C; and in stored wheat at 11%, 13% and 15% moisture contents (wet basis) [5] . The method of grain temperature and moisture content control is the same as reported by Jian et al. [20] . There were a total of nine experiments and no replicates were done due to the scale of the study and the difficulty of bringing the initial grain temperature (at room temperature) up to the desired temperature (25 or 30°C) without losing grain moisture. At each grain temperature and moisture content, three insect densities (0.1 (low), 1.0 (medium), and 5.0 (high) adults/kg of wheat, referred to as A/kg) were introduced. During the data analysis, it was found moisture did not influence the pattern of the spatial and temporal distribution of the adults. Therefore, data at different grain moisture contents but at the same temperature or introduced insect density were pooled and treated as replicates at the same temperature. After this pooling, there were three replicates at each temperature or insect density.
Test Procedure
Grain was loaded to 1.1 m height in the test bins and the grain surface was leveled. After the grain temperature was stable and uniformly distributed, 150 adults of T. castaneum were introduced at the surface of the test grain at four locations (Fig. 1) , making an overall insect density of 0.1 A/kg (low density). One week after the first introduction of the insects, grain was sampled at five locations (three layers at each location, Fig. 1 ). After counting of the adults inside the grain samples, the grain and the recovered insects were returned to their original locations. One hour after the return of the grain and insects, an additional 1,350 adults (1.0 A/kg, medium density) were introduced. After another 7 days, the previous procedure (including sampling and insect counting) was repeated and an additional 6,000 adults (5.0 A/kg, high density) were introduced. After a further 7 days, the grain was removed and the adults were counted again. The experiment was terminated after the third count of the insects. Prior to a test, selected insects were divided equally into four 4-L bottles and introduced at four locations during each introduction time (Fig. 1) . During the experimental period the insect mortality was \1% and only the number of live adults was used in the data analysis.
Sampling and Insect Recovery
The method reported by Jian et al. [20] was used. To test the shaker efficiency, the following pre-experiment was conducted. One hundred adults were introduced into a bucket with 15 kg wheat (the same wheat with 13% MC). After the insect introduction, the bucket was sealed by using duct tape and kept at room temperature. One week or 3 h later, adults were separated from the wheat by using the shaker. The recovery rate of the adults was C98% (n = 6) for the 3 h treatment and C97% (n = 6) for 1 week treatment. During data analysis, the count number of recovered adults was converted by using the following equation:
Insect number in the sample ¼ Counted insect number in the sample Â 1:03
Data Analysis
A total of 27 sampling sets were collected in the entire study. There were 15 samples (each about 15 kg of wheat) in each sampling set and each of these 15 samples was referred to as one unit. The data of adult densities at each temperature or introduced insect density were used to do the geostatistical analysis. Correlation coefficient and covariance [40] between the following pairs of recovered insect densities were calculated: H(0, 38); H(0, 54); V(0, 37); V(T, M); V(M, B); and V(0, 74); where H and V were the horizontal and vertical direction, respectively. The second number inside each bracket was the distance between two sample locations and the first number was the starting location. The first number ''0'' indicated the starting location at the center of the bins. T, M, and B were the top, middle, and bottom layer, respectively. A variogram was prepared at each introduced insect density [12] . To test if the previous insect densities would influence the distribution of the following introduced insects, Spearman's coefficient of rank correlation was determined [8] , the correlation coefficient was calculated and its significance was tested [31] . A frequency table was prepared by ranking the collected insect numbers in each sample unit into ten groups. This category was classified using a class width of 2.5, 16.0, and 30.0 counts of the adults when introduced density was 0.1, 1.0, and 5.0 A/kg, respectively. The class width was calculated by dividing the range between the highest and lowest insect counts at each introduced insect density into ten equal parts. Frequency distribution for sampling sets at the same temperature or introduced insect density was examined for the one-way frequency table. The Chi-square test and Lagrange multiplier statistics for type three analyses, were applied at a = 0.05 level. We treated the ten groups as ordinal data [1, 2] and Proc GENMOD in SAS 9.2 [31] was used to conduct the normal and Poisson distribution tests. The negative binomial and binomial distribution were tested using the numbers of sample units with zero adult count and non zero count in sample units at the same temperature or same introduced insect density.
To test the degree of aggregation of the adults, Morisita index, b 0 and b 1 values associated with Lloyd's index of mean crowding [17, 18, 24] , and ln a and b values associated with the Taylor's power law were calculated [14, 20] . The significance of the calculated Morisita's index was assessed by comparing the calculated Chi-square with the critical value of the Chi-square distribution [34] . The value of b 0 was used to estimate the size of clumps of individuals. The value of b 1 [ 1 indicates a series of distributions with constant tendency for aggregation. The value of b was used to categorize uniform, random, and aggregated spatial patterns of insect distribution based on b values that were \1, 1, and [1, respectively [21, 35, 44] . There was no significant difference in the b values at different insect densities, temperatures, and moisture contents. Therefore, all the data were pooled and the overall ln a and b were calculated.
Results and Discussion
Three-Dimensional Distribution
The introduced adults were recovered from all layers after 7 days (Figs. 2, 3 ). In the horizontal direction, adults did not prefer any location (Fig. 4) because 122, 53, and 149 out of 324 sample units had higher, equal to, or lower insect density at the center locations than that at half radius locations. The distribution pattern in the horizontal direction of the adults at low density was not different from that at medium and high densities (Fig. 4) . In the vertical direction, the adults preferred the top two layers at all insect densities (Fig. 5 ) because 12 out of 108 sample units at the bottom layer had lower insect density than that at the middle layer. Adult densities at the middle layer had 60%, 11%, and 28% higher, equal to, or lower than that at the top layer (Fig. 5) . This slight high adult density at the middle layer might not be caused by the small moisture difference because there was no moisture gradient at 20°C. These results indicated that the adults prefer to stay in the top 0.7 m of the grain bulk.
Surtees [36] found the number of the adults, introduced at the top of the grain container, decreased from top to bottom. Jian et al. [19] found more than 90% of the adults, introduced at the middle of a 1 meter wheat column, were distributed in the middle of the column. They proposed that the small inter-granular spaces in a wheat bulk relative to the size of the insect limit the movement ability of the beetles in both horizontal and vertical directions. The adult distribution pattern in this study supported this suggestion.
Spatial and Temporal Continuity
Covariance increased with the increase of the insect densities, while it did not increase or decrease with the increase of temperature and distance in both the vertical and horizontal directions (Tables 1, 2) . Correlation coefficient did not change with the change of temperature, density and distance (Tables 1, 2 ). These results indicated that numbers of insects at any temperature, location or density were not correlated with its adjacent locations in both vertical and horizontal directions (Figs. 2, 3 ).
Spearman's coefficient of rank correlation showed that 5 out of 6 cases (83%) indicated autocorrelations between the current and its previous insect density at the same locations ( Table 3 ). The only one with no significant autocorrelation was at 25°C and between the low and medium insect densities, while there was a significant autocorrelation at this temperature and between the medium and high introduced insect densities. Therefore, the temporal continuous property might exist. The temporal continuity of the adults of T. castaneum might relate to the aggregation pheromone released by males to attract females [7, 11] . Adults of T. castaneum also produce different volatile compounds and the amount of these compounds produced varies with insect density and temperature [4, 32] . These volatiles might also cause adults to aggregate [4] . This conclusion indicated that density trials in this study were dependent when the beetles were added to the grain sequentially to bring the grain to higher insect densities, and adults might aggregate in stored grain bins. Obtaining reliable models of spatial autocorrelation typically requires many samples (e.g., a minimum 50-100 observations) [20, 27, 42] . Collecting samples with a large distance between samples and without the knowledge of the continuity of insects in three dimensions at both spatial and time scales might result in a wrong explanation of spatial distribution of the insects [8, 20] . The best approach is to sample all the grain inside a test bin but this may not be practical because sampling and counting insects in a short time period (say \1 day) might be a challenge [20] . In this study, we sampled about 15% of the wheat in the 1.5 m diameter and 1.5 m high bin. Even though there were only 15 units in each sampling set, there were a total of 405 sampling units and the mass of each unit was 15 kg. Therefore, to characterize the concurrence continuity of adults of T. castaneum at different temperatures or insect densities at both spatial and time scales, using these collected data should be acceptable.
The fact of the temporal continuity might be used to develop a sample or detection plan of the adults of T. castaneum using their aggregation behavior (such as in a pheromone trap) in grain bins. However, the fact of non-autocorrelation at any insect density, temperature, and distance might suggest that using sampling techniques to estimate densities of T. castaneum at the adjacent locations of the sampled places might not work.
Distribution of Count Frequency
The normal distribution and Poisson models were not appropriate for describing the count frequency in all of the sampling sets (Table 4) . This indicated the adults were not randomly distributed. The count frequency fitted the model of negative binomial and binomial in 78 and 44% of the time, respectively (Table 4 ). This summarized the fact that there was a high probability of zero adults in sample units at the low insect density and there was low probability at the high insect density. When the insect counts at the same introduced insect density were pooled, the frequency distribution pattern was the same as the above characterization summarized, i.e., adults were not randomly distributed and there was a high probability of zero adults in sample units at the low insect density. Morisita's indices were significantly [1 ( Table 5 ). The b 1 from the regression of Lloyd were significantly larger than 1 (Student t test, t = 1.580, P = 0.153) except at the high density ( Table 6 ). The b 1 at the low insect density was 5-to 48-fold larger than that at other two insect densities (Table 6 ). These results confirmed the tendency of aggregation of the adults and the strong aggregation behavior at low density. The b 1 at different temperatures was in the range of 1.6-2.4 and smaller than that at the low insect density. The b 0 was not always \0 (Table 6 ). These results suggested that temperature did not influence their aggregation behavior and a tendency of repelling between individuals might only exist when adult density was high. The b value from Taylor's regression was[1 at different temperatures and introduced insect densities except at high introduced insect density ( Table 7) . The b value is a speciesspecific attribute and remains constant for the same organism in the same environment [41] . The b value at the low insect density was 6.6-fold higher than at the high insect density (Table 7) . This confirmed the conclusions from the calculated Morisita's indices and regression of Lloyd. There was no moisture gradient in the tests at 20°C. However, there was a small moisture gradient (about 0.7% percentage point per meter) at 25 or 30°C in the vertical direction, but there was no moisture gradient in the horizontal direction inside the test bins (Figs. 2, 3) . Moisture contents at each measured location were constant during the experimental period. By comparing the data associated with insect densities at 20°C with data at 25 or 30°C, there was no significant difference in correlation coefficient (Paired t test and all of P values C0.463, Table 2 ), the Spearman's coefficient of rank correlation (Paired t test and all of P C 0.207, Table 3 ), and Morisita index (Paired t test and all P values C0.225, Table 5 ). The calculated values of b 0 , b 1 , and b at 20°C overlapped with these values at 25 and 30°C (Tables 6, 7 ). The fitted distribution models to frequency data at 20°C were the same as that at 25 or 30°C (Table 4) . Therefore, these small moisture gradients did not influence the characterized insect distribution patterns.
The fact of calculated values or analysis supporting each other explained that adults were not randomly distributed. They had a highly clump distribution at low and medium densities and this aggregation behavior decreased with the increase of insect density. These conclusions were also consistent with the fact that insect numbers at one location did not correlate to that at other locations, adults prefer the top 0.7 m of the grain mass, and there was temporal continuity. Therefore, to estimate the density of adult T. castaneum in stored grain silos, the top 0.7 m of the grain bulk and the places with T. castaneum infested grain found in the previous sampling should be sampled.
